We synthesized reversible terminators with tethered inhibitors for next-generation sequencing. These were efficiently incorporated with high fidelity while preventing incorporation of additional nucleotides, and we used them to sequence canine bacterial artificial chromosomes in a single-molecule system that provided even coverage for over 99% of the region sequenced. This single-molecule approach generated high-quality sequence data without the need for target amplification and thus avoided concomitant biases.
Highly parallel sequencing technologies have revolutionized biology by providing orders of magnitude more DNA sequence data than previously possible 1 . Most of these technologies require synthesizing DNA from an existing template using either a polymerase or ligase 2 . The first commercialized technologies required amplification of the template DNA before sequencing, but this can introduce biases caused by differential behavior from many factors 3 , making even representation or accurate quantification of samples difficult. Single-molecule sequencing 4, 5 can eliminate biases introduced by amplification.
Any method using polymerase-based sequencing by synthesis encounters the problem of how to count bases in homopolymers (sequences that repeat the same base). One strategy relies on nucleotide analogs that can be incorporated once but block subsequent additions. If inhibition is efficient and reversible, the nucleotides could be used to step through homopolymer regions one base at a time. Modifications of the base with a fluorescent label and the 3¢ hydroxyl with a blocker that prevents extension have been described 6, 7 . These molecules allow stepwise addition through a homopolymer repeat but require removal of both modifications. Here we report a different strategy, creating four analogs modified at only a single position. Each contains three features: (i) free 3¢ hydroxyl maintaining natural interactions at the polymerase active site, (ii) base modified with a propargylamine connected to a cleavable linker and (iii) fluorescent dye tethered to an inhibitor, attached via the cleavable linker. We call these 'virtual terminator' nucleotides as they are efficiently incorporated yet block incorporation of a second nucleotide on a homopolymer template, despite possessing a free 3¢ hydroxyl. A similar approach but with just a single nucleotide has been described 8 .
In a previous study demonstrating the feasibility of directly sequencing many single DNA molecules bound to a surface 5 , the M13 bacteriophage genome had been sequenced except for homopolymers longer than three. This first generation of nucleotides (Supplementary Fig. 1 ) had been modified such that the Cy5 dye was attached to the base with a linker containing a disulfide bond (Cy5-12ss-dNTP analogs). Cy5 had served as the fluorescent marker during the imaging phase of sequencing and could then be removed by cleavage of the disulfide bond before the next incorporation event. Despite the large size of the linker and fluorescent tags, the DNA polymerase efficiently incorporated them, albeit at a slower rate than natural nucleotides. These nucleotides had maintained a low misincorporation rate but were not homopolymer-competent. We tested Cy5-containing virtual terminator nucleotides described here for their ability to incorporate efficiently while preventing a second round of synthesis. These nucleotides were all modified via the same linker attachment site present in the commercially available nucleotides. We synthesized all nucleotides as described in the Supplementary Note according to reaction schemes shown in Supplementary Figures 2 and 3 . To determine the biochemical properties of our nucleotide analogs (Supplementary Table 1) , we analyzed incorporation into primertemplate DNA. One measure of the efficiency with which a nucleotide can be incorporated is the polymerization rate divided by the nucleotide dissociation rate (k Pol /K D ) 9 . This provided a measure of the likelihood that a given nucleotide will dissociate from the active site versus move onto the next step and be incorporated. K D and k Pol values are provided for selected analogs ( Table 1 ). The new analogs did not incorporate as fast as Cy5-12ss-dNTPs but this rate was still sufficiently fast for sequencing.
Nucleotides must be incorporated in the correct position with very little misincorporation. We assessed the fidelity by determining the pre-steady-state rate of incorporation into primer templates that coded for incorrect additions. We tested select analogs against three misincorporation templates, one for each possible mispair. Despite being incorporated at lower efficiency, these analogs were added with fidelity similar to that of Cy5-12ss-dNTPs (Supplementary Table 2 ) and natural nucleotides 10 .
To determine whether the new analogs can function as reversible terminators, we performed experiments similar to those described above except that the template encoded two-base homopolymers. We measured the rates of both first and second base addition, and divided the first rate by the second (k 1 /k 2 ; Supplementary Table 3) . This described the effectiveness of the analog as a homopolymer run-through inhibitor normalized to incorporation efficiency at the first base. We observed a striking correlation between the number of phosphates on the inhibitory base and its effectiveness as a reversible terminator. Analogs lacking phosphates on the inhibitory base gave low k 1 /k 2 values, indicating limited usefulness as a homopolymer inhibitor. In contrast, monophosphates on the inhibitory moiety had higher k 1 /k 2 and the bisphosphate-containing analogs showed even greater effectiveness as terminators. These biphosphate analogs provided the right combination of incorporation at correct positions and not at incorrect and homopolymer sites.
Critical to the utility of reversible terminators is the ability to reverse the inhibition before subsequent base additions. We used a template with five consecutive cytosines and performed base addition cycles followed by removal of the inhibitor dye. Five cycles of addition-cleavage on such a template resulted in an almost perfectly synchronous walk through the homopolymer (Fig. 1) . Thus, these analogs were highly effective reversible terminators.
To test the virtual terminator nucleotides with mammalian DNA, we resequenced canine bacterial artificial chromosome (BAC) AC187329. This previously sequenced BAC contains 194 kb of complex mammalian sequence. We performed twopass, single-molecule sequencing in which each molecule is sequenced twice (as described previously 5 and in Online Methods) with a low-capacity prototype sequencing instrument. Image analysis software allowed us to match reads from the same DNA molecule in the two passes. Comparison of two sequences from each molecule yielded a high-confidence consensus sequence for that molecule, which could then be combined with other reads to generate a final sequence. It was possible to use just single-pass sequence data to generate a high-quality consensus sequence with the higher error rate of the individual read offset by the higher coverage obtainable via a single pass.
Before aligning sequence reads to the BAC reference, we filtered raw reads to eliminate artifacts and noninformative strands (Online Methods). After filtering, we obtained high-quality reads from 123,418 DNA strands that met criteria for both passes. An even larger number of DNA strands had high-quality reads that met criteria for just one pass. Alignment of the two pass sequences to the reference yielded a median coverage of 15 (Fig. 2) . If we included only uniquely aligned sequences, even coverage of nearly the entire sequence was generated. The only low coverage positions corresponded to repetitive regions, which are not capable of yielding When all reads (nonunique) were mapped to the sequence, repeat regions received higher coverage because of multiply aligning reads. When only uniquely aligning sequences were included (unique), the repeat regions were underrepresented. When a fractional correction was made to multiply aligning sequences (corrected), even coverage was obtained across the length of the BAC. When only unique alignments were used, the longest uncovered stretch of DNA was 279 base pairs, corresponding to a repeat region. If all alignments were used, the longest uncovered region was a highly (A+T)-rich 103 bp segment that included 28 consecutive A+T nucleotides and many other shorter A+T runs. Figure 1 | Virtual terminator nucleotide base-by-base incorporation in a G5 homopolymer. The substrate used for testing homopolymer sequencing is shown along with successive cycles of addition of compound 22 in a solution phase reaction. Inhibitor dye was removed by cleavage of the disulfide using tris(2-carboxyethyl) phosphine (TCEP), a reducing agent, followed by treatment with iodoacetamide to cap the free thiol. After each cycle, an aliquot of the reaction is run on an ABI3730 sequencing machine to achieve single-base resolution of DNA. Length markers are shown in orange and the DNA being synthesized is shown in blue.
594 | VOL. Supplementary Fig. 4 ). The length-independence of error rate was a natural property of single-molecule sequencing in which it is impossible to dephase the sequence as each molecule is read individually. If incorporation was missed during one cycle, it can occur in the next with no loss of information. Most errors were deletions, likely caused by incorporation without detection. Such deletions could result from either chemical or optical imperfections.
Because we designed these analogs to overcome issues with homopolymer sequencing, it was of special interest to determine how well those regions sequenced. Over 98% of all 38,353 homopolymers in this BAC had coverage of Z 10 reads and their lengths could be predicted. Of those called, over 99.99% were called correctly. Only when the homopolymer length reached ten bases were fewer than half of homopolymers not covered with a sufficient number of reads for a call. Increased sequencing depth, as is generated by the commercial instrument, would alleviate this problem.
The analogs presented here enabled single-molecule sequencing with complex mammalian DNA at a scale not previously possible. The orders of magnitude higher throughput in single-molecule sequencers, compared to next-generation sequencers that require target amplification, promise a scalable method for achieving the $1,000 genome. This work indicates that only technical optimization, and not new technology, is required to achieve that end.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturemethods/.
Note: Supplementary information is available on the Nature Methods website.
ACKNOWLEDGMENTS
We thank all of the past and present colleagues at Helicos who have contributed to this work. This work was made possible by grant number R01 HG004144 from the National Human Genetics Research Institute (NHGRI) at the US National Institutes of Health. Contents of this paper are solely the responsibility of the authors and do not necessarily represent the official views of NHGRI. 
AUTHOR CONTRIBUTIONS

COMPETING INTERESTS STATEMENTONLINE METHODS
Biochemistry. Chemicals for buffers were purchased from Sigma Chemicals. Cy5-12-SS-deoxynucleotides triphosphates (Cy5-12ss-dNTPs) were purchased from PerkinElmer Life and Analytical Sciences, and further purified by high-performance liquid chromatography (HPLC). HPLC-purified DNA oligonucleotides were from Integrated DNA Technologies (IDT), Inc. Klenow (exo-) was purchased from NEB.
Single base incorporation assays. Standard assays were at 23 1C and contained 20 nM primer-template DNA substrate and 37 nM Klenow (exo-) in buffer A (20 mM Tris, pH 8.8,10 mM KCl, 10 mM (NH 4 ) 2 SO 4 , 10 mM NaCl and 0.1% Triton X-100). Titrations (10 mM-10 mM) of the divalent metal ions magnesium, cobalt, manganese, zinc, nickel and calcium were tested for their ability to support the incorporation of these analogs. Only magnesium (at an optimum of 10 mM) and manganese (at an optimum of 50 mM) allowed for efficient incorporation of the virtual terminator analogs as determined by pre-steady-state kinetic analysis. Incorporation assays were initiated by adding the appropriate dNTP analog, and at the indicated time, an aliquot of the reaction was removed and quenched with 10 mM EDTA. Quenched reactions were diluted and analyzed on an ABI3700 capillary electrophoresis DNA sequencer according to manufacturer's protocols. Starting primer peaks and single base incorporation product peaks were quantified with GeneScan software and the data were fit by nonlinear regression using GraphPad software to determine rate constants. Values for K D and k Pol were determined by plotting rate constants versus dNTP concentration and fitting the curve by nonlinear regression using GraphPad Prism 4 software.
Quench-flow assays. For reactions at higher dNTP concentrations, reactions were carried out using a Kin-Tek RQF-3 Rapid Quench Flow instrument. Reactions were performed at 23 1C with 2 syringes of 900 ml with Buffer A supplemented with appropriate divalent cation as described above. One syringe contained 20 nM primer-template DNA substrate and 37 nM Klenow (exo-) and the other contained dNTP. The instrument was operated according to the manufacturer's protocol and reactions were quenched with 10 mM EDTA. Quantification of incorporation products and data analysis were carried out as described above.
Base after base incorporation assays. Rhodamine110 (R110)-labeled primer oligonucleotide was annealed to 5¢-biotinylated templates with three consecutive bases of the same sequence immediately beyond the 3¢ terminus of the primer. Biotinylated primer-templates were incubated at a concentration of 0.6 mM in a volume of 200 ml (300 mM NaCl in 10 mM Tris, pH 8) at 37 1C for 60 min in streptavidin (SA)-coated PCR tubes (Roche). Tubes were washed twice with buffer A to remove unbound primer templates, and 200 ml of buffer A with 37 nM Klenow (exo-) and divalent cation were added. Each nucleotide addition cycle was initiated by addition of the virtual terminator analog at 100 nM for 5 min. Reactions were carried out at 40 1C and were stopped by addition of EDTA to 10 mM. The liquid phase of the reaction was removed, and after washing with 200 ml of wash buffer (10 mM Tris (pH 8.0), 0.1% SDS and 300 mM NaCl), the incorporated dNTP analog was cleaved at the disulfide bond by addition of 200 ml of 50 mM TCEP and incubation for 5 min at 40 1C. Liquid was removed, and after washing as described above, free sulfhydryls were capped by adding 200 ml of 50 mM iodoacetamide and incubating 5 min at 40 1C. TCEP was generally used for sequencing because of its higher solubility in water. After liquid removal and washing, subsequent nucleotide addition cycles were repeated as desired. At the last addition cycle, TCEP and iodoacetamide steps were omitted, so the product had a dyelabeled nucleotide added at the final position. Primer-templates were denatured by removing the liquid from the tubes, adding 200 ml of HiDi formamide (ABI) and heating for 5 min at 40 1C.
Liquid was transferred to a cooled tube, and samples were diluted and analyzed on an ABI3700 capillary sequencer detecting the R110 dye on the primer.
Sequencing and sequence analysis. The purified BAC was sheared using DNase I to an average size of 200 base pairs (bp), sizeselected for fragments longer than 100 bp, ligated to a universal primer at each 5¢ end, and poly(A)-tailed at each 3¢ end using terminal transferase and dATP. The 3¢ poly(A) tail was used to hybridize to the sequencing surface and the 5¢-specific primer was used for hybridization of a sequencing primer. This mixture of target DNA molecules, each with a 3¢ poly(A) tail and a 5¢ universal sequence, was hybridized to a surface with an oligo(T) sequence covalently attached. The oligo(T) primer was extended to the end of the target molecule using a mixture of all four natural dNTPs. After copying the target DNA, the original template was melted off, generating a new template that was covalently attached to the surface and contained a universal sequence at the 5¢ end that was initially introduced by ligation. This template is resistant to melting off the surface because of the covalent linkage. A primer complementary to the universal sequence was then hybridized to the distal end and used for sequencing down toward the surface using nucleotides 29-32. These were chosen based on k 1 /k 2 values and chemical stability during the sequencing reaction. When sufficient sequence has been generated, the extended primer can be melted off the surfaceattached DNA target and the same DNA rehybridized with a new primer and the same stretch of the template sequenced again. The two-pass sequencing method is more complex than one-pass sequencing in which the surface-attached oligo(T) is used directly as a primer for sequencing but the two pass method yields more accurate sequencing as the errors occur randomly and only data from positions in which both reads of individual bases are the same are used. If only the first pass sequence from the two pass run is examined, 442,688 reads of Z15 nucleotides and a median read length of 30 were found that aligned to the BAC sequence. With these reads, there was a per-base error rate of 4.13% with most of that consisting of deletions (3.57%) with fewer insertions (0.38%) and substitutions (0.18%). The deletions likely arise for a number of reasons with most probably caused by nucleotides that are added but do not fluoresce owing to a nonexistent or defective dye molecule. Because natural nucleotides incorporate faster than dye-labeled nucleotides, any such contamination will be disproportionately apparent.
Sequence filters applied to raw strands eliminated those that were too short to be useful (with this reference sequence, 15 nucleotides) and those that were very A-rich (495%). Each nucleotide position from the pair-wise consensus was scored for matching with the BAC reference with a perfect match assigned a score of 11 and a perfect mismatch assigned a score of À10. All other mismatches, insertions and deletions were penalized lesser amounts. A match on one read and either a deletion or a mismatch on the other received +5 or +4, respectively. Two different mismatches or a mismatch and a deletion scored -6 and -5, respectively. The score for each position was then summed and divided by the total length of the sequence. Using this method, a perfect match across all positions would yield a normalized score of 11. For all subsequent data, sequences with a length of Z 15 and with a normalized score of nine or greater were used (see ref. 5 for a more detailed description).
Chemistry. Many other compounds were made in addition to those listed below with synthesis choices based on traditional structureactivity relationships using the biochemical parameters described above, especially k 1 /k 2 values and chemical stability. As is typical in such projects, choice of compounds to be synthesized included factors such as ease of synthesis and commercial availability of starting materials. The synthesis of virtual terminator analogs 17-24, 29, 30 and 32 (Supplementary Table 1 ) commenced with the construction of the properly substituted tethered linkers (Supplementary Fig. 2 ). The following abbreviations are used throughout: triethylamine (NEt 3 ), triethylammonium bicarbonate (TEAB), N,N-dimethylformamide (DMF), ethyl acetate (EtOAc), acetonitrile (MeCN), methanol (MeOH), diisopropylethylamine (DIPEA), tetrahydrofuran (THF), N-hydroxysuccinimide (NHS), dicyclohexylcarbodiimide (DCC), N-succinimidyl 3-(2-pyridyldithio)propionate (SPDP), tris(2-carboxyethyl) phosphine (TCEP), dithiothreitol (DTT) and room temperature (RT; 23 1C). Commercially available Fmoc-Cys(StBu)-OH, caproic acid 1 and PEG acid 2 were converted to their respective amine reactive NHS esters by treatment with NHS and DCC in DMF. The intermediate NHS esters were coupled with various primary amines, and the resultant amides were treated with phosphorus oxychloride and proton sponge to give compounds 3-9. The Fmoc protecting group was removed by treatment with piperidine, followed by condensation with the cyanine dye labeling reagent, Cy5 mono NHS ester. The disulfide bond was then reduced with TCEP or DTT to obtain sulfhydryl derivatives 10-16 after HPLC purification. The desired tethered nucleotides were then prepared by the reaction of sulfhydryls 10-16 with the appropriate dithiopyridino-C5/C7-propargylamino dNTPs, which were generated from the coupling of C5-propargylamino-2¢-deoxyuridine-5¢-triphosphate, C7-propargylamino-2¢-deoxy-7-deazaguanosine-5¢-triphosphate, C7-propargylamino-2¢-deoxy-7-deazaadenosine-5¢-triphosphate and C5-propargylamino-2¢-deoxycytidine-5¢-triphosphate with SPDP.
Virtual terminator analog 31 (Supplementary Table 1 ) was prepared from commercially available 5-iodo-2¢-deoxyuridine as shown in Supplementary Figure 3 . Linker additions at the N3 and C5 positions were accomplished via an S N 2 displacement and a Sonogashira coupling, respectively, to produce the orthogonally protected diamine 61. After monophosphorylating the 5¢-OH and removing the TFA group, the resultant primary amine 62 was coupled with Cy5 mono NHS ester. Next, the Boc group was cleaved under acidic conditions, followed by coupling with the NHS ester of 8-benzoylsulfanyl-octanoic acid to afford thiobenzoate 64. Treatment with hydroxylamine revealed sulfhydryl 65, which was subsequently reacted with dithiopyridino-C7-propargylamino-2¢-deoxy-7-deazaguanosine-5¢-triphosphate to yield tethered nucleotide 31.
HPLC purifications were performed on a Waters Delta 600 pump and 2487 Dual l Absorbance detector using the specified column and method. Tandem high performance liquid chromatographymass spectral (LCMS) analyses were performed on a Shimadzu LCMS-2010EV mass spectrometer in negative electrospray ionization (ESI) mode after separation performed on a Shimadzu Prominence LC-20AD separations module. The actual separations were performed on a Waters XTerra MS C18 2.5 mm 4.6 Â 30 mm column with a flow rate of 0.5 ml min -1 with a 0.05M TEAB buffer using a Shimadzu SPD-M20A photodiode array detector.
Silica gel chromatographic purifications were performed by flash chromatography with silica gel (Aldrich, 60 Å , mesh 200-425) packed in glass columns; the eluting solvent for each purification was determined by thin layer chromatography (TLC). Analytical TLC was performed on glass plates coated with 0.25 mm silica gel using UV light and ninhydrin for visualization.
All reagents were purchased from Sigma-Aldrich unless otherwise indicated. N-succinimidyl 3-(2-pyridyldithio)propionate and Bond-Breaker TCEP solution were purchased from Pierce, 5-iodo-2¢-deoxyuridine and 5-iodo-2¢-deoxycytidine were purchased from Berry & Associates, 7-deaza-7-iodo-2¢-deoxyadenosine and 7-deaza-7-iodo-2¢-deoxyguanosine were purchased from ChemGenes Corp, Boc-mini-PEG-3 was purchased from Peptides International, 5-aminoallyl-2¢-deoxyuridine-5¢-OH and 5-aminoallyl-2¢-deoxycytidine-5¢-OH were purchased from Trilink, and Cy5-NHS was purchased from GE Healthcare.
